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AUTOMATIC IDENTIFICATION OF A
LOCATION OF FOCAL SOURCE IN ATRIAL

FIBRILLATION (AF)

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s related to a U.S. patent application Ser.
No. 16/550,734 entitled “Error F

Estimation of Local Activa-
tion Times (LAT) measured by Multiple Electrode Cath-
cter,” filed on even date, whose disclosure 1s 1ncorporated
herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to electrophysi-
ological mapping, and particularly to cardiac electrophysi-

ological mapping.

BACKGROUND OF THE INVENTION

Invasive cardiac techniques for mapping electrophysi-
ological (EP) properties of cardiac tissue were previously
proposed 1n the patent literature. For example, U.S. Patent
Application Publication 2017/0042449 describes a system
and method for local EP characterization of cardiac substrate
using multi-electrode catheters. The system selects at least
one clique of electrodes from a plurality of electrodes to
derive at least one orientation independent signal from the at
least one clique of electrodes from the information content
corresponding to weighted parts of electrogram signals. The
system displays or outputs catheter ornientation independent
clectrophysiologic mnformation to a user or a process.

As another example, U.S. Patent Application Publication
2015/0366476 describes a system and method for mapping
the electrical activity of the heart. The system may include
a catheter shait with a plurality of electrodes. A processor of
the system may be capable of collecting a set of signals from
at least one of the plurality of electrodes. The set of signals
may be collected over a time period. The processor may also
be capable of calculating at least one propagation vector
from the set of signals, generating a data set from the at least
one propagation vector, generating a statistical distribution
of the data set and generating a visual representation of the
statistical distribution, such as a circular histogram of
angles. A direction (e.g. propagation angle) and velocity of
cellular wavelront propagation may be determined by a
comparing the activation times sensed by neighboring elec-
trodes to the target electrode for which the propagation
vector 1s being determined.

U.S. Patent Application Publication 2017/0202470
describes a system and method of 1dentitying focal sources.
The method can comprise detecting, via sensors, electrocar-
diogram (ECGQG) signals over time, each ECG signal detected
via one of the sensors having a location imn a heart and
indicating electrical activity of the heart, each signal com-
prising at least an R wave and an S wave; creating an R-S
map comprising an R-to-S ratio for each of the ECG signals,
the R-to-S ratio comprising a ratio of absolute magnitude of
the R wave to absolute magnitude of the S wave; identifying,
for each of the ECG signals, local activation times (LATs);
and correlating the R-to-S ratios for the ECG signals on the
R-S map and the identified LATs and using the correlation
to 1dentily the focal sources.

U.S. Patent Application Publication 2017/0281031
describes electroanatomic mapping carried out by 1nserting
a multi-electrode probe into a heart of a living subject,

10

15

20

25

30

35

40

45

50

55

60

65

2

recording electrograms from the electrodes concurrently at
respective locations 1n the heart, delimiting respective acti-

vation time intervals in the electrograms, generating a map
of electrical propagation waves from the activation time
intervals, maximizing coherence of the waves by adjusting
local activation times within the activation time intervals of
the electrograms, and reporting the adjusted local activation
times.

U.S. Patent Application Publication 2004/0243012
describes a method and system for identitying and localizing
a reentrant circuit 1sthmus 1n a heart of a subject during sinus
rhythm. The method may include (a) receiving electrogram
signals from the heart during sinus rhythm via electrodes, (b)
creating a map based on the electrogram signals, (¢) deter-
mining, based on the map, a location of the reentrant circuit

isthmus 1n the heart, and (d) displaying the location of the
reentrant circuit isthmus.

SUMMARY OF THE

INVENTION

An embodiment of the present invention provides a
method including receiving, via a plurality of electrodes in
a heart, a collection of acquisitions, wherein each acquisition
includes a set of electrophysiological (EP) signals measured
by the electrodes. A respective direction of arrival (DOA)
and a respective distance relative to the electrodes from
which the set of EP signals originated are estimated for each
of the acquisitions. The acquisitions are aggregated, to form
a statistical distribution of the acquisitions as a function of
estimated DOA and distance. Using a statistical test, it 1s
checked whether the statistical distribution of the acquisi-
tions 1s consistent, 1n accordance with a predefined consis-
tency criterion. If the statistical distribution of the acquisi-
tions 1s found consistent, an estimated location 1n the heart
ol a focal source of an arrhythmogenic activity that gener-
ated the received EP signals 1s derived from the statistical
distribution. The estimated location of the focal source is
overlaid on an anatomical map of at least a portion of the
heart.

In some exemplary embodiments, for a given acquisition,
estimating the DOA and distance includes extracting from
the set of EP signals 1n the given acquisition a respective set
of relative times of arrival, and estimating the DOA and
distance using the extracted relative times of arrival.

In some exemplary embodiments, aggregating the acqui-
sitions 1ncludes pre-filtering the acquisitions according to
the respective set of relative times of arrival extracted from
cach acquisition, and including 1n the statistical distribution
of the acquisitions only the pre-filtered acquisitions.

In an exemplary embodiment, pre-filtering the acquisi-
tions according to the extracted set of relative times of
arrival includes the steps of: (a) using the estimated DOA
and distance, calculating for each acquisition a modeled set
of relative times of arrival that would have resulted from an
EP wave originating from a focal source at the estimated
DOA and distance, and (b) for each acquisition, determin-
ing, by applying a predefined geometrical test, a degree of
similarity between the extracted set and modeled set of
relative times of arrival.

In some exemplary embodiments, estimating the degree
of stmilarity includes calculating a cosine-similarity geo-
metrical test between the two sets. In other embodiments,
estimating the degree of similarity includes calculating an
estimation error for each relative time of arrival and com-
paring the estimation error to a given threshold.

In an exemplary embodiment, the method {further

includes, using the modeled set of relative times of arrival,
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adjusting time values of annotations over the EP signals for
which the voltage-time slope of the EP signal 1s shallower
than a prespecified slope.

In another exemplary embodiment, pre-filtering the acqui-
sitions 1ncludes discarding one or more acquisitions deter-
mined to have dissimilar sets of times of arrival.

In some exemplary embodiments, deriving the estimated
location includes fitting a curve to the statistical distribution
and finding a maximum of the curve as a function of
estimated DOA and distance.

In some exemplary embodiments, estimating the DOA
and the distance includes mimimizing a cost-function. In
other exemplary embodiments, minimizing the cost-func-
tion includes minimizing a weighted cost-function. In fur-
ther embodiments, minimizing the cost-function includes
mimmizing the cost-function iteratively, by removing in
cach iteration an EP signal value having a largest estimation
eITor.

In an exemplary embodiment, deriving the estimated
location includes applying k-means analysis to the statistical
distribution, projecting estimated locations on anatomy and
selecting a location having a projected distance that is less
than a given value.

There 1s additionally provided, in accordance with an
exemplary embodiment of the present invention, a system,
including an interface and a processor. The interface 1is
configured to receive a collection of acquisitions acquired by
a plurality of electrodes 1n a heart, wherein each acquisition
includes a set of electrophysiological (EP) signals. The
processor 1s configured to (a) estimate for each of the
acquisitions a respective direction of arrival (DOA) and a
respective distance relative to the electrodes, from which the
set of EP signals originated, (b) aggregate the acquisitions,
to form a statistical distribution of the acqusitions as a
function of estimated DOA and distance, (¢) check, using a
statistical test, whether the statistical distribution of the
acquisitions 1s consistent, 1n accordance with a predefined
consistency criterion, (d) 1f the statistical distribution of the
acquisitions 1s found consistent, derive from the statistical
distribution an estimated location in the heart of a focal
source of an arrhythmogenic activity that generated the
received EP signals, and (e) overlay the estimated location
ol the focal source on an anatomical map of at least a portion
of the heart.

Another exemplary embodiment of the present invention
provides a method including receiving, via a plurality of
clectrodes 1n a heart, a collection of acquisitions, wherein
cach acquisition includes a set of electrophysiological (EP)
signals measured by the electrodes. A respective direction of
arrival (DOA) and a respective distance relative to the
clectrodes from which the set of EP signals originated are
estimated for at least some of the acquisitions. Based on the
estimated DOA and distance, a timing error 1s estimated 1n
at least an EP signal among the EP signals. A timing of the
EP signal 1s adjusted to fit the estimated DOA and distance
and correct the error. An EP map of at least a portion of the
heart 1s generated using the set of EP signals, including the
adjusted EP signal.

In some exemplary embodiments, generating the EP map
includes generating a local activation times (LAT) map.

In some exemplary embodiments, estimating the DOA
and distance includes deriving the DOA and the distance that
mimmize a cost-function.

In an exemplary embodiment, adjusting the timing of the
EP signal includes: (a) selecting an original annotation 1n the
EP signal, (b) determining a corrected annotation, corre-
sponding to the original annotation, based on the estimated
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DOA and distance, and (c) adjusting the timing of the EP
signal upon verilying that the corrected annotation meets a

predefined condition.

In another exemplary embodiment, veritying that the
corrected annotation meets the predefined condition
includes veritying that the corrected annotation falls 1n a dip
between adjacent peaks in the EP signal. In yet another
exemplary embodiment, verifying that the corrected anno-
tation meets the predefined condition includes veritying that
the corrected annotation and the original annotation lie on a
same monotonically-decreasing segment of the EP signal.

In some exemplary embodiments, verifying that the cor-
rected annotation meets the predefined condition includes
verilying that the corrected annotation and the original
annotation lie on a same monotonic segment of the EP
signal, and that a slope of the segment 1s below a predefined
threshold slope.

There 1s additionally provided, in accordance with an
exemplary embodiment of the present invention, a system,
including an interface and a processor. The interface 1is
configured to receive a collection of acquisitions acquired by
a plurality of electrodes 1n a heart, wherein each acquisition
includes a set of electrophysiological (EP) signals. The
processor, configured to: (a) estimate, for at least some of the
acquisitions, a respective direction of arrival (DOA) and a
respective distance relative to the electrodes from which the
set of EP signals originated, (b) based on the estimated DOA
and distance, estimate a timing error 1n at least an EP signal
among the EP signals, (¢) adjust a timing of the EP signal to
fit the estimated DOA and distance and correct the error, and
(d) using the set of EP signals, including the adjusted EP
signal, generate an EP map of at least a portion of the heart.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be more fully understood from
the following detailed description of the embodiments
thereof, taken together with the drawings 1n which:

FIG. 1 1s a schematic, pictorial illustration of an electro-
physiological (EP) mapping system, in accordance with an
exemplary embodiment of the present invention;

FIG. 2 1s a flow chart that schematically illustrates a
method for automatic 1dentification of a location of a focal
source of arrhythmia, in accordance with an exemplary
embodiment of the present invention;

FIGS. 3A and 3B are two plots showing graphs of EP
signals that were acquired by the system of FIG. 1, 1n
accordance with an exemplary embodiment of the present
invention;

FIGS. 4A and 4B are plots showing relative arrival times
extracted and modeled using EP signals of graphs of FIGS.
3A and 3B, respectively, in accordance with an exemplary
embodiment of the present invention;

FIG. 5 1s a flow chart that schematically illustrates a
method for deriving direction of arrival (DOA) and distance
along the steps illustrated 1n FIGS. 4A and 4B, 1n accordance
with an exemplary embodiment of the present invention;

FIG. 6 1s a flow chart that schematically illustrates a
method for deriving direction of arrival (DOA) from a focal
source, 1 accordance with another exemplary embodiment
of the present invention;

FIGS. TA-7C are, respectively, (a) a plot showing graphs
of unipolar EP signals that were acquired by the system of
FIG. 1, (b) the location of the catheter, and (¢) an 1sochronal
map showing respective estimation errors in extracted EP
values, 1n accordance with an exemplary embodiment of the
present invention;
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FIGS. 8A and 8B are, respectively, a plot showing graphs
of unipolar EP signals that were acquired by the system of

FIG. 1, and an 1sochronal map showing respective estima-
tion errors 1n extracted EP values, 1n accordance with an
exemplary embodiment of the present invention;

FIGS. 9A and 9B are, respectively, a plot showing graphs
of unipolar EP signals comprising estimation errors higher
than a given threshold, and an mitially estimated location of
the focal source i X-Y space, in accordance with an
exemplary embodiment of the present invention;

FIG. 10 1s a graph showing the estimated location of focal
source of FIG. 9B 1n nine iterations of the iterative DOA
model, 1n accordance with an exemplary embodiment of the
present mvention;

FIGS. 11A and 11B are histograms of direction of arrival
(DOA) and distance from a focal source, 1n accordance with
an exemplary embodiment of the present invention; and

FIG. 12 1s a plot showing DOA clusters analyzed by a
k-means clustering model, 1n accordance with an exemplary
embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Overview

In an event of a focal type of arrhythmia, an aberrant
clectrophysiological (EP) wave impulse 1s abnormally
spread from an ectopic focus in the heart. A focal type of
arrhythmia may occur due to localized abnormal cardiac
tissue that triggers the aberrant EP wave, or by localized
abnormal cardiac tissue that forms a small reentry path
which causes an erroneous spread of an existing EP wave. In
some patients, a localized arrhythmogenic tissue may be
ablated to eliminate a focal type of arrhythmia. Therefore,
identifying a location of a focal type of arrhythmogenic
tissue may be clinically valuable.

Exemplary embodiments of the present invention that are
described heremnafter provide EP mapping systems and
methods for automatically i1dentifying a location of focal
arrhythmogenic activity in the heart. Additionally, or alter-
natively, some exemplary embodiments provide methods for
estimating annotation errors i measured EP values and
correcting the annotation errors according to their cause. In
some exemplary embodiments, based on a set of annotations
that include the corrected annotation, a processor generates
an EP map of at least a portion of the heart (e.g., a LAT map).

The EP mapping system uses a multiclectrode catheter,
such as the Pentaray® catheter (made by Biosense-Webster,
Irvine, Calif.), to obtain multiple acquisitions from a cardiac
region covered by the electrodes. Each acquisition com-
prises a set of EP signals measured by the electrodes, with
the set sized according to the number of electrodes. How-
ever, other multi-electrode catheters may be used, mutatis
mutandis, with the disclosed techniques.

In some exemplary embodiments, a processor then esti-
mates, for each acquisition, a direction of arrival (DOA) and
a distance, R, ,, relative to the electrodes, from which the
acquired set of EP signals originated. The processor aggre-
gates the acquisitions to form a statistical distribution (e.g.,
a histogram, or a cluster map in X-Y space) of the acquisi-
tion as a function of estimated DOA and distance, and
checks, using a statistical test, whether the statistical distri-
bution of the acquisitions 1s consistent.

Constancy 1s checked in accordance with a predefined
consistency criterion. Examples of relevant consistency tests
include, but are not limited to, constancy estimator or use of
confidence interval. As another example, a cluster map 1n
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X-Y space may be consistent if one or more clusters in the
map contain each at least a given percentage of the data

points (e.g., 10%), as described below.

If the statistical distribution of the acquisitions 1s found
consistent, the processor derives from the statistical distri-
bution an estimated location 1n the heart of a focal source of
an arrhythmogenic activity that generated the received EP
signals. Finally, the processor overlays the estimated loca-
tion of the focal source on an anatomical map of at least a
portion of the heart.

In some exemplary embodiments, in order to estimate
DOA and distance, the processor annotates each EP signal
with the time of arrival of an EP wavelront, named herein-
alter also as original annotations. The processor extracts
from the originally annotated set of signals (1.e., from a
given acquisition) a respective set of relative times of
arrival. Using a geometrical model, the processor analyzes
the extracted set of relative times to indicate the nature of the
EP wave i question, as described below. The model
assumes that each acquisition 1s uniquely related to a single
travelling broad EP wavetront having a constant velocity
over the region in which the EP signals are acquired.

In some exemplary embodiments, when aggregating the
acquisitions, the processor pre-filters the acquisitions and
includes 1n the statistical distribution of the acquisitions only
the pre-filtered acquisitions. The processor pre-filters the
acquisitions by applying the steps of: (a) using the estimated
DOA and distance, calculating a modeled set of relative
times of arrival, for each acquisition, that would have
resulted from an EP wave originating at a focal source
having the estimated DOA and distance relative to the
catheter, and (b) for each acquisition, applying a test to
determine to what degree the extracted set and modeled set
of relative times of arrival are similar, and dropping any
acquisition that yields dissimilar sets of timings. Examples
of relevant tests include a geometrical similarity test, and
comparison of estimation errors (also termed hereinafter
timing errors) to a given threshold.

In some exemplary embodiments, the geometrical simi-
larity test comprises applying a cosine-similarity geometri-
cal test between the extracted and modeled sets of relative
times of arrival. The degree of similarity may range between
zero for full dissimilarity to one for full similanty. In an
alternative exemplary embodiment, a least square method 1s
used as the geometrical test.

An aberrant EP wave may not necessarily be of focal
origin nature, which may be indicated by the similarity
check. In an exemplary embodiment, regardless of the
nature of the EP wave, 1.e., focal or aberrant, the derived
modeled relative times may be used to adjust time values of
original annotations that are not well defined, 1.e., where the
voltage-time slope of a wavefront 1s shallower than a
prespecified slope. The adjusted annotations are also
referred hereinafter as corrected annotations.

Typically, the processor 1s programmed 1n software con-
taining a particular algorithm that enables the processor to
conduct each of the processor related steps and functions
outlined above.

The disclosed technique for automatically 1dentifying a
focal source of an arrhythmogenic activity in the heart may
improve the clinical outcome of a related catheter-based
treatment of arrhythmia.

System Description

FIG. 1 1s a schematic, pictorial illustration of an electro-
physiological (EP) mapping system 10, in accordance with
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an exemplary embodiment of the present invention. System
10 comprises a catheter 14, which 1s 1nserted by a physician
32 through the patient’s vascular system into a chamber or
vascular structure of a heart 12. Physician 32 brings the
catheter’s distal tip 18 1nto contact with the heart wall, for
example, at an EP mapping target site. Catheter 14 typically
comprises a handle 20 which has suitable controls to enable
physician 32 to steer, position and orient the distal end of the
catheter 14 as desired for the EP mapping.

Catheter 14 1s a multi-electrode catheter, such as the
alorementioned Pentaray® catheter shown 1n inset 37. The
Pentaray® catheter 14 comprises five tlexible arms 15, with
cach arm carrying four electrodes 16. Thus, a total of twenty
EP signals are obtained by system 10 at each instance of EP
signal acquisition, as further described 1in FIG. 2.

Catheter 14 1s coupled to console 24, which enables
physician 32 to observe and regulate the functions of cath-
cter 14. To aid physician 32, the distal portion of the catheter
14 may contain various sensors, such as contact force
sensors (not shown) and a magnetic sensor 33 that provide
position, direction, and orientation signals to a processor 22,
located 1n the console 24. Processor 22 may fulfill several
processing functions as described below. In particular, elec-
trical signals can be conveyed to and from the heart 12 from
clectrodes 16 located at or near the distal tip 18 of catheter
14 via cable 31 to console 24. Pacing signals and other
control signals may be conveyed from the console 24
through cable 31 and electrodes 16 to the heart 12.

Console 24 includes a monitor 29 driven by processor 22.
Signal processing circuits in an electrical interface 34 typi-
cally receive, amplify, filter, and digitize signals from the
catheter 14, including signals generated by the above noted
sensors and the plurality of sensing electrodes 16. The
digitized signals are recerved and used by the console 24 and
the positioning system to compute the position and orien-
tation of the catheter 14 and to analyze the EP signals from
clectrodes 16 as described in further detail below.

During the disclosed procedure, the respective locations
of electrodes 16 are tracked. The tracking may be performed,
for example, using the CARTO® 3 system, produced by
Biosense-Webster. Such a system measures impedances
between electrodes 16 and a plurality of external electrodes
30 that are coupled to the body of the patient. For example,
three external electrodes 30 may be coupled to the patient’s
chest, and another three external electrodes may be coupled
to the patient’s back. (For ease of illustration, only chest
clectrodes are shown 1n FIG. 1). Wire connections 335 link
the console 24 with body surface electrodes 30 and other
components of a positioning sub-system to measure location
and orientation coordinates of catheter 14. The method of
tracking electrode 16 positions based on electrical signals,
named Active Current Location (ACL), 1s implemented in
various medical applications, as, for example, in the afore-
mentioned CARTO®3 system. Details of an ACL subsystem
and process are provided in U.S. Pat. No. 8,456,182, which
1s assigned to the assignee of the present patent application
and whose disclosure 1s incorporated herein by reference.

In some exemplary embodiments, system 10 comprises,
in addition to, or mstead of, the ACL tracking subsystem, a
magnetic position tracking subsystem that determines the
position and orientation of magnetic sensor 33, at a distal
end of catheter 14, by generating magnetic fields 1 a
predefined working volume and sensing these fields at the
catheter, using ficld generating coils 28. As electrodes 16
have known locations on arms 15, and known relationships
to one another, once catheter 14 1s tracked magnetically in
the heart, the location of each of electrodes 16 1n the heart
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becomes known. A suitable magnetic position tracking sub-
system 15 described 1n U.S. Pat. Nos. 7,756,576 and 7,536,

218, which are assigned to the assignee of the present patent
application and whose disclosure 1s incorporated herein by
reference.

Based on the EP signals from electrodes 16 having
tracked locations, electrical activation maps may be pre-
pared, according to the methods disclosed 1n U.S. Pat. Nos.
6,226,542, and 6,301,496, and 6,892,091, which are
assigned to the assignee of the present patent application and
whose disclosure 1s incorporated herein by reference.

Processor 22 uses software stored in a memory 235 to
operate system 10. The software may be downloaded to
processor 22 1n electronic form, over a network, for
example, or 1t may, alternatively or additionally, be provided
and/or stored on non-transitory tangible media, such as
magnetic, optical, or electronic memory. In particular, pro-
cessor 22 runs a dedicated algorithm as disclosed herein,
including i FIG. 2, that enables processor 22 to perform the
disclosed steps, as further described below.

The example illustration shown 1n FIG. 1 1s chosen purely
for the sake of conceptual clanity. Other types of sensing
geometries, such as of a basket catheter or the Lasso®
Catheter (produced by Biosense-Webster) may also be
employed.

Automatic Identification of a Location of Focal
Source 1 Atrial Fibrillation (AF)

FIG. 2 1s a flow chart that schematically illustrates a
method for automatic 1dentification of a location of a focal
source of arrhythmia, in accordance with an exemplary
embodiment of the present invention. The algorithm,
according to the presented embodiment, carries out a process
that begins with physician 32 inserting catheter 14 having a
plurality of sensing electrode 16 into heart 12 of a patient,
at a catheter insertion step 100.

Next, system 10 receives a collection of acquisitions of
sets of EP signals from electrodes 16 that were brought 1n
contact with cardiac tissue by physician 32, at an EP signals
acquisition step 102. In a typical diagnostic interval of thirty
seconds used by some of the disclosed embodiments the
system collects between 100 and 200 acquisitions compris-
ing ECG segments having each a typical duration of 100-
200 mSec. In some exemplary embodiments, an automatic
segmentation of the 30 second window 1s performed by
processor 22, so as to produce segments of 100-200 mSec,
cach segment corresponds to a single activation propagating
through the atna.

Next, processor 22 derives from each acquisition esti-
mated values of DOA and distance of a presumed focal
source, at a DOA dernivation step 104. Processor 22 then
prefilters each acquisition to drop acquisitions not suitable
for inclusion 1n subsequent statistical analysis, at a prefil-
tration step 106. In some exemplary embodiments, processor
22 prefilters the acquisition by comparing errors in estimated
relative times between extracted EP values and modeled EP
values. This stage may include attempting further process-
ing, such as including iterative calculation to improve DOA
estimation and thereby reduce estimation errors, as
described below.

In other exemplary embodiments, the processor prefilters
the acquisition by running a geometrical test of the consis-
tency of modeled EP values and the extracted EP values
(e.g., running cosine-similarity test).

Either way, at an aggregation step 108, processor 22
agoregates the verified DOA and distance values. Next




US 11,116,435 B2

9

processor 22 runs a statistical test to find one or more
candidates of DOA and distance (1.e., candidate focal loca-

tions), 1I such exist, at a statistical analysis step 110.

The processor verifies 1 and which of the candidate
locations 1s a valid location, by projecting the location on the
anatomy, at a projection validation step 112.

Furthermore, the processor verifies for validated candi-
date location that at least a minimal number of focal indica-
tive ECG signals, described below, were acquired at the
validated location, at a direct validation step 114.

Finally, at a focal source presenting step 116, processor 22
overlays the one or more identified locations of a focal
source of arrhythmogenic activation an anatomical map of at
least a portion of heart 12.

The exemplary flow chart shown in FIG. 2 1s chosen
purely for the sake of conceptual clarity. More details and
specific embodiments of the steps described brietly above
are brought below, including in flowcharts of FIGS. 5 and 6.

Direction of Arrival (DOA) and Distance
Dernvation and Verification by a First Method

FIGS. 3A and 3B are two plots showing graphs 42 of EP
signals that were acquired by the system of FIG. 1, 1n
accordance with an exemplary embodiment of the present
invention. The shown EP signals were acquired, {for
example, by the EP mapping system of FIG. 1 using catheter
14. The two acquisition are part of multiple acquisitions,
numbered between several tens and several hundred. Such a
collection may include acquisitions taken at different intra-
cardiac placements of the catheter and/or repeated acquisi-
tions taken during the same placement. Using the tracking
system, each of the plurality of electrodes has a location 1n
the heart.

The graphs show originally annotated times 44 at which
the EP wave “strikes” each of the twenty electrodes of
catheter 14. The annotations are made by a method known
in the art, such as described 1n U.S. Pat. No. 8,700,136,
which 1s assigned to the assignee of the present patent
application and whose disclosure 1s incorporated herein by

reference.
In FIG. 3A, the EP wave first strikes electrodes “13” and

“14”, then electrodes “15” and “7”” and so on. In FIG. 3B, the
EP wave first strikes electrodes “5” and “6”°, then electrodes
“7” and “8” and so on.

As seen 1 FIGS. 3A and 3B, some of the voltage-time
slopes of the EP signal that are originally annotated are not
well defined, 1.¢., are shallow (for example, in graphs 10 and
11 of FIG. 3B). In an exemplary embodiment, the disclosed
technique 1mproves the accuracy of such annotations, by
deriving corrected annotations, as shown below 1 FIGS.
7A, 8A and 9A, even 1 a focal source of arrhythmogenic
activity 1s not identified by the technique. In an exemplary
embodiment, modeled times that are derived below, which
are based on the known geometry of catheter 14, are used to
adjust time values of original annotations that are not well
defined, 1.¢., where the voltage-time slope seen 1n FIGS. 3A
and 3B 1s shallower than a prespecified slope.

FIGS. 3A and 3B are brought by way of example. IT
another catheter having multiple electrodes 1s used, such as
basket or Lasso® catheters, the size of acquisition (e.g.,
number of graphs in a set) and the annotated times will
reflect the geometry of the given catheter, while similarly
used by the disclosed technique.

FIGS. 4A and 4B are plots showing relative arrival times
extracted and modeled using EP signals of graphs of FIGS.
3A and 3B, respectively, in accordance with an embodiment
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of the present invention. Processor 22 will pre-filter the
acquisitions according to respective extracted set of relative

times ol arrival by performing the steps described below.
Extracted times 66 1n FIGS. 4A and 4B are derived by
processor 22 calculating time differences between original
annotated times 44 of FIGS. 3A and 3B, respectively.
Respective modeled relative times 68 1n FIGS. 4A and 4B
are subsequently derived by processor 22, using corrected

annotated times (not shown, as described below).

A color scale 48 in the upper part of FIGS. 4A and 4B,
encodes the relative times of arrival by color encoding each
of the depicted twenty electrodes 16 of catheter 14. The
upper part ol FIGS. 4A and 4B further shows the tracked
positions of electrodes 16 (over schematically demarked
arms 15 of Pentaray® catheter 14) at the two instances
where the electrodes acquired the EP signals. The position of
cach electrode 16 1n 3D space 1s tracked using, for example,
the atorementioned ACL tracking technique. The X-Y-Z axis
(Z not shown) belong to a fixed reference axial system, such
as of position tracking system applying the ACL method.

Based on extracted relative times of arrival 66, processor
22 estimates geometrically (e.g., as indicated by arrows 40q
and 400) a presumed focal source 50 from which the EP
wave appears to come, as further marked by a distance
indicated by line 60 that connects the common location at
which arrows 40a and 4056 originate from distal tip 18 of
catheter 14.

The lower part of FIGS. 4A and 4B shows on the same
graph set of extracted relative times of arrival 66, and the
respective modeled set relative times of arrival 68. Relative
times of arrival 66 are derived by processor 22 from the
originally annotated times at which the actual EP wave
“strikes’ the electrodes. Modeled times 68 are calculated by
processor 22 using estimated DOA 55 and distance 60,
assuming a simulated EP wave originating at a focal source
50 having the estimated DOA and distance relative to
clectrodes 16.

In an exemplary embodiment, an acquisition 1s deter-
mined 1ndicative of a focal source by the processor only 1t
a cosine-similarity timings match derived from the acquisi-
tion exceeds a value of 0.9. Geometrical test (e.g., metrics)
other than cosine-similarity that check to what degree the
extracted and modeled sets are similar, such as the Ham-
ming-distance, may be used.

The processor estimates to what degree each pair of such
sets per acquisition, marked herein as vectors S..-and S, .,
are similar using the cosine-similarity equation:

SEX *OMD
ISEX 1SSl

Cosine Similarnty=

Cosine-similarity, in which a normalized mner product of
the two ordered sets 1s calculated, may give any value
between -1 and 1. Practically, the cosine-similarity i1s par-
ticularly used 1n positive space, where the outcome 1s bound
within [0, 1). For example, a value of 1 corresponds to full
similarity, whereas a value of zero, or any negative value,
indicates full dissimilarity. In an exemplary embodiment, 1f
the calculated cosine-similarity gives a value above a pre-
specified minimum value, such as above 0.9, the processor
determines the sets to be similar.

Processor 22 runs the similarity check over all the sets
derived from the collection of acquisitions, and drops acqui-
sitions having cosine-similarity below the prespecified mini-
mum value (e.g., <0.9).
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Next, processor 22 calculates, only for acquisition that
successiully passed the Cosine similarity test, a direction of
arrival (DOA) 55, defined as the phase of vector (rio-1,5).
and distance 60 from which the set of signals originated
using equations 2 and 3:

DOA=phase(rso—7,g) Eq. 2

Distance=||rsg—*1sl|, Eqg. 3

where r-, and r, 4 are the vector coordinates of the presumed
tocal source 50 and of catheter’s 14 distal tip 18, respec-
tively. In some embodiments, when converting the system
coordinates from 3D to 2D, r,, will be zero vector, since the
center of the catheter 1s placed at the origin of the XY space.

FIG. 5 1s a flow chart that schematically illustrates a
method for dertving direction of arrival (DOA) and distance
along the steps 1llustrated in FIGS. 4A and 4B, in accordance
with an exemplary embodiment of the present invention.
The process begins with processor 22 extracting relative
times of arrival 66 from the originally annotated EP signals,
at a relative times extraction step 200.

Next, based on the assumptions that the EP signals were
generated by (a) a single EP wave having a broad wavelront
that (b) propagates at a constant velocity, and based on the
known geometry of catheter 14, processor 22 derives per
acquisition estimated values of DOA 55 and distance 60 of
the EP wave, at a DOA and distance estimation step 202.

Next, based on the estimated DOA 55 and distance 60
values, processor 22 calculates relative times that a focal
wave having the tentative DOA and distance from step 106
would have generated, at a relative times modeling step 204.
Processor 22 then checks, for example by using a cosine-
similarity test, to what degree the extracted and modeled sets
of relative times are similar, at a similarity checking step
206.

If the sets are found dissimilar, processor 22 stores or
drops the bad DOA and distance values as being non-
indicative, at an acquisition dropping step 208. All acquisi-
tions having sets of extracted and modeled relative times
that are found similar (i.e., passed prefiltration) are aggre-
gated by processor 22 into separate distributions as a func-
tion of DOA and distance (e.g., into histograms 70 and 72 of
FIGS. 11A and 11B below), at an aggregation step 210. As
shown below 1 FIGS. 11A and 11B, the aggregated DOA
and distance are statistically analyzed to find a location of a
tocal source, if one deemed from the histograms to exist.

The exemplary flow chart shown in FIG. 5 1s chosen
purely for the sake of conceptual clarity. Additional steps
may be typically performed, such as physician 32 iitially
anatomically mapping relevant parts of heart 12 (e.g., using
fast anatomical mapping (FAM) procedure) to obtain an
anatomical map. The criteria may vary with the type of
statistical tools used. In an exemplary embodiment, dropped
sets of modeled timings may still be used for adjusting
respective originally annotated times that are not well
defined, as described below under “LAT improvements.”

Direction of Arrival (DOA) and Distance
Derivation and Verification by a Second Method

FIG. 6 1s a flow chart that schematically illustrates a
method for deriving direction of arrival (DOA) from a focal
source, 1n accordance with another exemplary embodiment
of the present invention.

The process shown 1n FIG. 6 begins with processor 22
extracting relative times of arrival 66 from the originally
annotated EP signals, at a relative times extraction step 300.
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Next, the algorithm checks whether to apply a 3D or 2D
weighted DOA model estimation, by checking whether
projecting (1.¢., projection step 302) the catheter into a 2D
space 1s valid, as described below, at a projection checking
step 304.

Next, depending on whether projection step 304 was
found an invalid step or a valid step, processor 22 runs a 3D
welghted DOA finding model, at a 3D modeling step 306, or
a 2D weighted DOA finding model, at a 2D modeling step
308, respectively.

Either using 3D or 2D models, processor 22 than checks
iI estimated errors between modeled and extracted relative
times are lower than a given threshold, at an estimation error
step 310.

If estimation errors are within the given threshold, pro-
cessor 22 applies a LAT improvement calculation, to make
DOA estimation more accurate, at a LAT improvements step
312. LAT improvements are further described below.

I1, on the other hand, estimation errors are higher than the
grven threshold, processor 22 runs a DOA 1terative model, at
a DOA iterative estimation step 314.

At a follow up estimation error step 316, processor 22
than checks 11 estimation errors recalculated using the 1tera-
tive model are lower than the given threshold. If not,
processor 22 stores or drops the bad DOA and distance
values as being non-indicative, at an acquisition dropping
step 318. If, however, the iterative model was successtul,
processor 22 apply LAT improvements step 312 to the
results.

Either way, LAT improved estimates of successiully pre-
filtered DOA and distance are aggregated by processor 22,
at an aggregation step 320. As shown below, the aggregated
DOA values are statistically analyzed to find one or more
location of a focal source, if ones deemed by the statistical
model to exist.

In an exemplary embodiment, the disclosed method
described 1n FIG. 6 for deriving DOA and direction utilizes
a cost function 1n 3D space, as described 1n FIGS. 7TA-7C.

FIGS. TA-7C are, respectively, (a) a plot showing graphs
of unipolar EP signals that were acquired by the system of
FIG. 1, (b) the location of catheter 14, and (¢) an 1sochronal
map showing respective estimation errors 550 1n extracted
EP values, 1n accordance with an exemplary embodiment of
the present invention. Specifically, FIG. 7B shows the loca-
tion of distal tip 18 of catheter 14 catheter 14 1n X-Y space,
and an actual location 338 of the catheter on the anatomy of
lett atria 340.

Estimation errors 550 (1.e., timing errors 550) are shown
in FIGS. 7A, 8A and 9A, as time diflerences between
original annotations and corrected annotations.

FIG. 7A shows a set of unipolar signals 330 with mea-
sured and originally annotated local activation time 332
(t,—circles) and corresponding estimated local activation
times 334 (t—squares), 1.e., corrected annotations, that were
derived using a cost-function model described below. Esti-
mated errors 550 between measured and modeled EP values
of activation times are calculated for each electrode as the
time differences t—t,, as further described below.

The cost-function based model of DOA 1s applied for each
acquisition comprising a set of at least 10 local atrial
activation, t, the time of local atrial activity of the 1
electrode, 1=1, . . ., m 10=m=N, where N 1s the number of
valid electrodes of the catheter, e.g. N=20 for PentaRay®
catheter. If a single EP wave 1s assumed to originate from
any point 1n 3D space and to travel toward the catheter with
a constant conduction velocity (CV) then a cost-function
J(0) can be defined for the “total cost” of the model:
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In Eq. 4, di:\f(xf—xg)%(yf—y0)2+(zi—zﬂ)2,, 1s defined as the
distance from a DOA point located at (x,, v, Z,) and

arriving at t, to the 1 electrode located at (x,y,z;). Time t, 1s

defined as the bias time of arrival for all electrodes and v 1s
1/CV of the wave. The term

1
7

in J(0) 1s a regularization term and 1t eflectively gives
preference to a solution that are closer to the distal tip 18 of
the catheter and thus increases the probability to find solu-
tions within the anatomy of the atria. The purpose of our
model 1s to minimize the cost J(0) by finding the “best”
0=(Xy, Yo, Zo» 1o, V), that minimizing the cost J(0), this could
be done using a gradient descent estimation procedure with
a constraint that, v 1s greater than zero. Gradient descent 1s
based on the observation that if the multi-variable function
J(0,) at the k’th 1teration 1s defined and differentiable 1n a
neighborhood of a point 0, then J(0,) decreases fastest 11 one
goes from O, in the direction of the negative gradient of
J(0,), such that 0, ,=0,-y-V(0,) and V represents the dif-
terential operation and v 1s the learning rate factor. v should
be small to ensure conversion but not too small to overcome
slow conversion or convergence to a local minimum of J(0).
For formal description of gradient descent algorithm, we
derive the differential equation of J(0) with respect to each
one of the parameters (X,, Vo, Zg, {g, V):

A

2 2 y)
— | x5 + + 75 +
Qm(i} Yo 0

aJ(o) 2 vodi +8— 1) A-Xo Eq. 5
) e A
@J(@) 2 ~ (V'dj +I{)—I,_') /I-y{]
Bve _E; 7 (Vi —Yyo) +
8J(6’) 2 ik (V dj +I[}—I1) A'ZD
320 __E; 4 Zi —zg)+—m
aJ(0) P A
— (v-di +10—15)-d; + 3

av m m-v
oJ(&) 2 & y

c‘ir.;;. _E_ (V' 1+ID_I1)

i=1

The upper 1illustration of FIG. 7B depicts the resulting
estimated focal activity. In FIG. 7B, a color scale (same as
scale 48 1n FIGS. 4A and 4B) encodes the relative times of
arrival by color encoding each of the depicted twenty
clectrodes 16 of catheter 14. FIG. 7B further shows the

tracked positions of electrodes 16 (over schematically
demarked arms 135 of Pentaray® catheter 14) at two separate
instances where the electrodes acquired the EP signals. The
position of each electrode 16 1 3D space 1s tracked using,
for example, the aforementioned ACL tracking technique.
The X-Y-Z axis (Z not shown) belong to a fixed reference
axial system, such as of position tracking system 20 apply-

ing the ACL method.
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Finally, also shown are the cost-function model derived
DOA 535 and distance 60 from which the set of signals 330
originated.

FIG. 7C (the 1sochronal map) shows that the analyzed EP
wave 1s propagating from a focal source location 336 nside
circle lines 344 that represent time of arrival 1n milliseconds
according to the color-bar 1n the right-hand side of FIG. 7C.
Circles 350 represent location of electrodes with the number
within the circle represents the cost-function derived 1ndi-
vidual (1.e., per electrode) estimation errors 550 of FIG. 7A
in milliseconds.

LAT Improvements

In some exemplary embodiments of the present invention,
a processor adjusts the originally annotated times of an EP
signal by selecting an original annotation in the EP signal,
determining a corrected annotation, corresponding to the
original annotation, based on the estimated DOA and dis-
tance, and adjusting the timing of the EP signal upon
veritying that the corrected annotation meets a predefined
condition, as described below.

Estimation errors 550 are derived (e.g., calculated) by
processor 22 by calculating (a) impinging times t, using the
cost function mimmizing set of location and conduction
velocity, 0=(X,, V5, Zo, 15, V), and the measured location of
the electrodes, and (b) calculating the difference ﬂ.—tl. per
clectrode.

In an embodiment, a LAT value t, is replaced by t. to
improve LAT estimation 1f one of the predefined conditions
1-3 are met:

1. t, is found within a fractionated signal (not shown) or
double potential LAT (such as value 333 of the EP signal of
clectrode 15 1n FIG. 9A).

2. t, is not an anchor, meaning the weight of the LAT, as
described 1n the weighted model below (Eq. 6), 1s less than
0.3. LAT with low weights are LATs with “shallow” detlec-

tions 1n voltage (i.e., voltage-time slope of the EP signal 1s
shallower than a prespecified slope) and therefore their
originally annotated time, such as original annotation 525 1n
FIG. 9A, 1s less “reliable”.

3.t and t, lay both between start and end points of

unmpolar negative deflection (such as negative deflection 555
of the EP signal of electrode 16 in FIG. 9A).

The description continues to another subject, describing a
simplified implementation of the cost function.

In some exemplary embodiments, a cost function 1 2D
space can be applied. In the 2D model, the catheter 1s
projected to a surface; this 1s performed by taking the two
cigen vectors with highest eigen values. If the energy
preserved by the two eigen vectors 1s greater than 95% than
the model assumes that the projection from 3D space to a
surface 1s valid and the set of equation 1s simpler, =(x,, v,
t,, v) without the z dimension.

In some exemplary embodiments, an alternative DOA
estimation step, comprising estimating the DOA using a
weighed cost-fiction, 1s used by the algorithm, and 1s
described 1in FIGS. 8A and 8B.

FIGS. 8A and 8B are, respectively, a plot showing of
graphs of unipolar EP signals 440 that were acquired by the
system of FIG. 1, and an 1sochronal map showing respective
estimation errors 1n extracted EP values, 1n accordance with
an exemplary embodiment of the present invention. The
main concept behind the weighted cost-tunction DOA model
described below 1s that “sharp™ activation 1s more “reliable”
than a shallow activation, where the level of sharpness 1s
defined based dv/dt of the unipolar signal at t.. Each t, 1s
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mapped to a weight w, between O to 1 based on 1ts dv/dt. In
FIG. 8 A, the number near each circle represent the weight of
the slope.

Notice also 1n FIG. 8A, that some EP signals comprise
carliest S-wave patterns, such as in signals 444 sensed by
clectrodes E19 and E20 (together 448). Such negative-slope
patterns, without signal amplitude first rising as an EP wave
approaches an electrode, are indicative of an aberrant focal
EP wave propagating away from the electrodes. This con-
dition indicates that catheter 14 1s “right on target,” where

some of the electrodes are 1 vicinity of a focal source of
Arrhythmia (e.g., distance 60 being smaller that a length of
arm 15).

As FIG. 8B illustrates, estimated location 446 of a focal
source, derived using a weighted cost-function, 1s at least 1n
part surrounded by measured locations of electrodes 16.

The required alternation 1n the set of equations for a 2D
cost-function model (1.e., Eq. 5 excluding z-dependence) 1s
as follows:

_ (v Y 4+ — X2+ vE 4+ —
J(6) = E;wj (v-d; +1p—1;) +2m(xm+}"0+ ,V,g]
dJ(6) 2 Wit (v-di + 19— 1;) A~ X
. __;; 7 (x; — x0) + —

l-y{]

RIC) 2 wi-(v-di +15— ;)
v ~ 21' " (¥i = ¥o)

aJ(0 2 =
():—ZW5'(V'dj+I[}—I5)'dj+
i=1

Jvy m £ m- 3

aJo 2«
( )= —wa'(v'df+f0—ﬁ)
i=1

c‘ir{;;. n 4

In some exemplary embodiments, 11 estimation errors of
relative times are higher than a given threshold, an iterative
DOA estimation process 1s applied and 1s described 1n FIGS.
9A and 9B, FIGS. 10A and 10B, and FIGS. 11A and 11B.

FIGS. 9A and 9B are, respectively, a plot showing graphs
of unipolar EP signals having estimation errors 550 higher
than a given threshold, and a respective 1nitially estimated
location 560 of the focal source 1n X-Y space, 1n accordance
with an embodiment of the present invention. Furthermore,
some EP values are found within a double potential LAT
(such as corrected annotation value 333 of the EP signal of
clectrode 15 1 FIG. 9A). Also, some EP values (both
measured an estimated values) are found between start and
end points of unipolar negative detlection (such as within
negative deflection 555 of the EP signal of electrode 16 in
FIG. 9A)

As seen 1n FIG. 9B, location 560 1s very close to the
location of the distal tip of the catheter, however given the
above observations this location 1s probably wrong.

In an exemplary embodiment, if the average estimation
error 1s above a given threshold (e.g., 7 mSec) processor 22
runs an iterative calculation to estimate the DOA. The
average estimation error 1 FIG. 9A 1s 12.4 mSec. In each
iteration, a local activation time with highest estimation
error 1s removed from DOA estimation. The process 1is
repeated as long as there are more than ten valid local
activation time values.

FI1G. 10 1s a graph showing the estimated location of focal
source 560 of FIG. 9B 1n mine 1terations of the iterative DOA

model, 1n accordance with an exemplary embodiment of the
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present invention. In the zero and the first iterations, focal
source location 560 almost coincides with the location of

distal tip 18 of the catheter, however from the second
iteration to the 9th iteration the location of focal activity 1s
shifted and finally placed (570) near electrode “1”. In FIG.
10, the full circles represent valid electrodes for DOA
estimation, while the ring circles represent invalid elec-
trodes. The tagging “iter X beside a ring electrode informs
that the specific electrode was eliminated from DOA esti-
mation at iteration X. The percentage of invalid segments 1s
a good measure for the “complexity” of the AF in this
subject.

Between the zero iteration and the 9th iteration the
maximal estimation error falls from approximately 25 mSec
to less than 5 mSec. The conduction velocity, CV, which also
serves as an estimate of the cost in Eq. 4, drops from more
than 100 mm/mSec to a minimal value of 0.5 mm/msec.

The disclosed iterative model 1s used 1n handling acqui-
sitions having noisy waveforms or cases with more than one
wave propagating toward the catheter.

First and Second Methods of Statistical Tests

A duration of a typical acquisition 1s 100-200 msec. A
typical recording has 30 seconds of unipolar signals and thus
contains approximately 120-200 acquisitions. All valid
DOA estimates from the approximately 120-200 acquisi-
tions are stored, to be subsequently aggregated, until all
acquisitions are processed, and then a statistical method 1s
applied to the corpus of valid DOA estimations.

First Statistical Method

As noted above and described 1n this section, processor 22
puts the aggregated DOA and distance values in histograms
and statistically analyzes the histograms. In an exemplary
embodiment, the processor 1s configured to derive from the
histograms an estimated location by fitting a curve to the

histograms and finding the maximum of the curve as a
function of estimated DOA and distance.

FIGS. 11A and 11B are histograms 70A and 70B of
direction of arrival (DOA) and of histograms 72A and 72B
of distance from a focal source, respectively, 1n accordance
with an embodiment of the present invention. As seen, the
DOA distribution consists of a number of acquisitions per
DOA value, and the distance distribution consists of a
number ol acquisitions per distance value. Typically, pro-
cessor 22 compiles (1.e., aggregates) histograms 70A and
70B and histograms 72A and 72B from a number ranging
between several tens and several hundred of acquisitions
that passed the pre-filtering stage, such shown in FIG. 2 and
analyzed in FIG. 3.

Using a statistical test, processor 22 checks first 1 the
DOA distribution, as shown by example in DOA histograms
of FIGS. 11A and 11B, vields a consistent DOA value.
Examples of consistency test tools include, but are not
limited to, constancy estimator and use of confidence inter-
val.

If DOA 1s found inconsistent, for example by the distri-
bution 1indicating two or more substantivity different DOA
values, processor 22 ends the disclosed focal source 1den-
tification processes. In an embodiment, processor 22 pres-
ents a notice to a user that the process did not 1dentify a focal
source ol arrhythmogenic activity.

If processor 22 derives a consistent DOA value from the
acquisition distribution as a function of DOA, then proces-
sor 22 best estimates from the distributions a DOA and s
distance to a focal source 1n question. Processor 22 then uses
the best estimated DOA and distance to identify a location
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ol a focal source of arrhythmogenic activity in heart 12 that
generated the received EP signals.

As seen 1in FIG. 11 A, most prevalent DOA values of the
clinical case analyzed by histogram 70A of FIG. 11A fall
about a DOA of 0.85x. The respective most common dis-
tance indicated by histogram 72A 1s about 300 mm. Proces-
sor 22 can therefore 1dentily, for that patient, an exitance of
a location of focal arrhythmia at a distance of about 300 mm
from the location of distal tip 18, at an angle of 0.85m
relative to the X-axis.

FIG. 11B shows that most prevalent DOA values of the
clinical case analyzed by histogram 70B of FIG. 11B fall
about a DOA of 0.5m. The respective most common distance
indicated by histogram 72B 1s about 300 mm. Processor 22
can therefore identify, for that patient, an exitance of a
location of focal arrhythmia at a distance of about 300 mm
from the location of distal tip 18, at an angle of 0.5 relative
to the X-axis.

Second Statistical Method

FIG. 12 1s a plot showing DOA clusters analyzed by a
k-means clustering model, in accordance with an embodi-
ment of the present invention. The k-means clustering model
was applied by processor 22 to a set of DOA values that
passed pre-filtering and were aggregated in X-Y space.

In FIG. 12, circle represents DOA estimation from an
acquisition of LAT values of the numerous acquisitions
included 1n a single recording session. In the shown record-
ing results, there are two clusters of DOA that “explains™ the
data. A first cluster 80 (red circle at (-3.7 mm, —-0.2 mm))
contains 80.5% of the DOAs and a second cluster 88 has
19.5% of contains 19.5% of DOA in the recording.

If an estimated location of one of the dominant clusters
(more than 10% of DOA segments) could be projected to the
anatomy 1.e. the distance from an estimated location, such as
an estimated location 84, to the anatomy 1s less than a given
value, e.g., 6 mm, (configurable) then a focal source 1s
identified. As seen 1n FI1G. 12, the distance from the k-means
clustering estimated location 84 to an anatomy location 90,
given by the length of an arrow 85 1s about 3 mm, well
below the 6 mm upper limit. Hence location 90 was vali-
dated by the disclosed technique as a focal source.

Focal source may also be validated 11 we find at least 10
indications (configurable) of earliest S-wave patterns 1n
clectrodes located within a radius of 6 mm from the focal.
It’s important to note that foc1 detection based DOA could
manifested 1n location on the anatomy without placing a
catheter 1n the area of the focal activity, therefore the
validation process 1s optional.

Although the embodiments described herein mainly
address cardiac applications, the methods and systems
described herein can also be used in other applications, such
as 1 neurology. The disclosed methods could also be
applied with 1n any dataset that involves spatiotemporal
“cues” for focal activity and a processor 1s required find this
focal activity, for example, for focal estimation of epileptic
patients using EEG/MEG.

It will thus be appreciated that the embodiments described
above are cited by way ol example, and that the present
invention 1s not limited to what has been particularly shown
and described hereinabove. Rather, the scope of the present
invention includes both combinations and sub-combinations
of the various features described hereinabove, as well as
variations and modifications thereof which would occur to
persons skilled in the art upon reading the foregoing descrip-
tion and which are not disclosed 1n the prior art. Documents
incorporated by reference in the present patent application
are to be considered an integral part of the application except
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that to the extent any terms are defined 1n these incorporated
documents 1n a manner that contlicts with the definitions
made explicitly or implicitly 1n the present specification,
only the defimitions 1n the present specification should be
considered.

The mvention claimed 1s:

1. A method for automatically identifying a location of
tocal arrhythmogenic activity, the method comprising:

recerving, via a plurality of electrodes in a heart, a

collection of acquisitions, wherein each acquisition
comprises a set of electrophysiological (EP) signals
measured by the electrodes;

estimating for each of the acquisitions a respective direc-

tion of arrtval (DOA) and a respective distance relative
to the electrodes, from which the set of EP signals
originated;
aggregating the acquisitions, to form a statistical distri-
bution of the acquisitions as a function of estimated
DOA and distance;

checking, using a statistical test, whether the statistical
distribution of the acquisitions 1s consistent, 1 accor-
dance with a predefined consistency criterion;

deriving from the statistical distribution an estimated
location 1 the heart of a {focal source of an
arrhythmogenic activity that generated the received EP
signals when the statistical distribution of the acquisi-
tions 1s found consistent;
overlaying the estimated location of the focal source on an
anatomical map of at least a portion of the heart; and

presenting to a user a notification that a location of focal
arrhythmogenic activity was not identified when the
statistical distribution of the acquisitions 1s found to be
inconsistent.

2. The method according to claim 1, wherein, for a given
acquisition, estimating the DOA and distance comprises
extracting from the set of EP signals in the given acquisition
a respective set of relative times of arrival, and estimating
the DOA and distance using the extracted relative times of
arrival.

3. The method according to claim 2, wherein aggregating,
the acquisitions comprises pre-filtering the acquisitions
according to the respective set of relative times of arrival
extracted from each acquisition, and including in the statis-
tical distribution of the acquisitions only the pre-filtered
acquisitions.

4. The method according to claim 3, wherein pre-filtering
the acquisitions according to the extracted set of relative
times ol arrival comprises the steps of:

using the estimated DOA and distance, calculating for

cach acquisition a modeled set of relative times of
arrival that would have resulted from an EP wave
originating from a focal source at the estimated DOA
and distance; and

for each acquisition, determining, by applying a pre-

defined geometrical test, a degree of similarity between
the extracted set and modeled set of relative times of
arrival.

5. The method according to claim 4, wherein estimating
the degree of similarity comprises calculating a cosine-
similarity geometrical test between the two sets.

6. The method according to claim 4, wherein estimating
the degree of similarity comprises calculating an estimation
error for each relative time of arrival and comparing the
estimation error to a given threshold.

7. The method according to claim 4, and comprising,
using the modeled set of relative times of arrival, adjusting,
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time values of annotations over EP signals for which a
voltage-time slope of the EP signal 1s shallower than a
prespeciiied slope.

8. The method according to claim 4, wherein pre-filtering,
the acquisitions comprises discarding one or more acquisi-
tions determined to have dissimilar sets of times of arrival.

9. The method according to claim 1, wherein deriving the
estimated location comprises fitting a curve to the statistical
distribution and finding a maximum of the curve as a
function of estimated DOA and distance.

10. The method according to claim 1, wherein estimating
the DOA and the distance comprises minimizing a cost-
function.

11. The method according to claim 10, wherein minimaiz-
ing the cost-function comprises minimizing a weighted
cost-function.

12. The method according to claim 10, wherein minimiz-
ing the cost-function comprises minimizing the cost-func-
tion iteratively, by removing in each iteration an EP signal
value having a largest estimation error.

13. The method according to claim 1, wherein deriving
the estimated location comprises applying k-means analysis
to the statistical distribution, projecting estimated locations
on anatomy and selecting the location having a projected
distance that i1s less than a given value.

14. A system for automatically identifying a location of
focal arrhythmogenic activity, the system comprising;

an 1nterface, configured to receive a collection of acqui-

sitions acquired by a plurality of electrodes 1n a heart,
wherein each acquisition comprises a set of electro-
physiological (EP) signals; and

a processor, which 1s configured to:

estimate for each of the acquisitions a respective direc-
tion of arrtval (DOA) and a respective distance
relative to the electrodes, from which the set of EP
signals originated;

aggregate the acquisitions, to form a statistical distri-
bution of the acquisitions as a function of estimated
DOA and distance:

check, using a statistical test, whether the statistical
distribution of the acquisitions 1s consistent, in
accordance with a predefined consistency criterion;

derive from the statistical distribution an estimated
location 1 the heart of a focal source of an
arrhythmogenic activity that generated the received

EP signals when the statistical distribution of the

acquisitions 1s found consistent;

overlay the estimated location of the focal source on an
anatomical map of at least a portion of the heart; and

present to a user a notification that a location of focal
arrhythmogenic activity was not 1dentified when the
statistical distribution of the acquisitions 1s found to
be 1nconsistent.

15. The system according to claim 14, wherein, for a
grven acquisition, the processor 1s configured to estimate the
DOA and distance by extracting from the set of EP signals
in the given acquisition a respective set of relative times of
arrival, and estimating the DOA and distance using the
extracted relative times of arrival.

16. The system according to claim 15, wherein, 1n aggre-
gating the acquisitions, the processor 1s configured to pre-
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filter the acquisitions according to the respective set of
relative times of arrival extracted from each acquisition, and
to 1mclude 1 the statistical distribution of the acquisitions
only the pre-filtered acquisitions.

17. The system according to claim 16, wherein the pro-
cessor 1s configured to pre-filter the acquisitions according
to the extracted set of relative times of arrival by performing,
the steps of:

using the estimated DOA and distance, calculating for

cach acquisition a modeled set of relative times of
arrival that would have resulted from an EP wave
originating from a focal source at the estimated DOA
and distance; and

for each acquisition, determining, by applying a pre-

defined geometrical test, to what degree the extracted
set and modeled set of relative times of arrival are
similar.

18. The system according to claim 17, wherein the pro-
cessor 1s configured to estimate to what degree the extracted
set and modeled set of relative times of arrival are similar by
calculating a cosine-similarity geometrical test between the
two sets.

19. The system according to claim 17, wherein the pro-
cessor 1s configured to estimate a degree of similarity
between the extracted set and modeled set of relative times
of arrival, by calculating an estimation error for each relative
time of arrival and comparing the estimation error to a given
threshold.

20. The system according to claim 17, wherein the pro-
cessor 1s further configured to, using the modeled set of
relative times of arrival, adjust time values of annotations
over EP signals for which a voltage-time slope of the EP
signal 1s shallower than a prespecified slope.

21. The system according to claim 20, wherein, 1n pre-
filtering the acquisitions, the processor 1s configured to
discard one or more acquisitions determined to have dis-
similar sets of times of arrival.

22. The system according to claim 14, wherein the pro-
cessor 1s configured to derive the estimated location by
fitting a curve to the statistical distribution and finding a
maximum of the curve as a function of estimated DOA and
distance.

23. The system according to claim 14, wherein the pro-
cessor 1s configured to estimate the DOA and the distance by
minimizing a cost-function.

24. The system according to claim 23, wherein the pro-
cessor 1s configured to minimize the cost-function by mini-
mizing a weighted cost-function.

25. The system according to claim 23, wherein the pro-
cessor 1s configured to minimize the cost-function itera-
tively, by removing 1n each iteration an EP signal value
having largest estimation error.

26. The system according to claim 14, wherein the pro-
cessor 1s configured to derive the estimated location by
applying k-means analysis to the statistical distribution,
projecting estimated locations on anatomy and selecting the

location having a projected distance that 1s less than a given
value.
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